Involvement of Microglial Cells in Hypoxia-induced Pulmonary Hypertension
To the Editor:
We read with interest the recent publication by Amsellem and colleagues in the Journal, titled "Roles for the CX3CL1/CX3CR1 and CCL2/CCR2 Chemokine Systems in Hypoxic Pulmonary Hypertension" (1) . The authors demonstrated that CX3CR1 deficiency is protective against hypoxia-induced pulmonary hypertension (PH) by modulating monocyte recruitment, macrophage polarization, and pulmonary artery smooth muscle cell proliferation. The authors make a persuasive argument for CX3CR1 as a target for PH therapy. We completely concur and would like to add evidence that brain microglial cells and neuroinflammation are also involved. Neuroinflammation, the inflammatory response in the central nervous system, results from acute or chronic responses to injury by resident innate immune cells, and microglia are the principal component (2) .
CX3CR1 is primarily expressed by microglial cells in the brain and is also present on resident monocytes in the periphery (2, 3) . The CX3CL1/CX3CR1 axis has emerged as a key signaling pathway in the control of synaptic activity influencing short-and long-term neural plasticity (2) . As a result, its importance in many neuroinflammatory diseases, including hypertension, is well appreciated (2) (3) (4) (5) (6) .
Hypoxia is a known stimulus of sympathetic activity and is involved in microglia activation (7, 8) . Furthermore, accumulating evidence links the activated sympathetic nervous system to PH. This includes increased sympathetic nerve trafficking, hyperoxiamediated beneficial effects on muscle sympathetic nerve activity in patients with PH, and alleviation of right heart and PH pathophysiology by adrenergic antagonists in both human and animal models (7) . In view of these observations and the study by Amsellem and colleagues (1), we explored the role of microglial cells in hypoxia-induced PH in wild-type (WT) and CX3CR1 knockout (CX3CR1 GFP/GFP ) mice. We hypothesized that microglial cells in autonomic brain regions, particularly in the paraventricular nucleus (PVN) of the hypothalamus, and enhanced sympathetic activity would be augmented in hypoxia-induced PH in WT mice. We further hypothesized that a lack of PH in response to hypoxia in CX3CR1 GFP/GFP mice would be correlated with microglial numbers in the PVN and attenuation of sympathetic activity.
WT C57BL/6J and CX3CR1-deficient (CX3CR1 GFP/GFP ) mice were exposed to chronic hypoxia (10% O 2 ) or normoxia for 3 weeks in a ventilated chamber (n = 5-8/group). A Millar pressure catheter (SPR-671; Millar Instruments) coupled to a signal transducer unit (PowerLab; ADInstruments) was used to measure cardiac and pulmonary hemodynamics. An ionized calcium-binding adaptor molecule 1 (Iba1)-specific antibody (019-19741; Wako Chemicals USA, Inc.) was used for immunohistochemical characterization and quantitation of microglial cells in 40 mm postfixed brain sections (4) .
Chronic hypoxia exposure resulted in a significant increase (77%) in right ventricular (RV) systolic pressure (RVSP) in WT mice (Table 1) . Increases in RV hypertrophy (RVH) and RV end diastolic pressure, and changes in contractility (1dP/dt, 2dP/dt) were also observed in hypoxia-exposed WT mice (Table 1) . In addition, a fivefold increase in the sympathetic/vagal balance (low frequency/high frequency ratio) was observed, suggesting an increase in sympathetic activity by hypoxia treatment in WT mice. In contrast, no significant changes in all of the above parameters were observed in CX3CR1 GFP/GFP mice exposed to hypoxia. This lack of response to hypoxia by the RVSP and RVH was consistent with observations of Amsellem and colleagues (1) .
Next, we evaluated microglial cells in the PVN of control and hypoxia-treated WT and CX3CR1 GFP/GFP mice. Only cells with a well-defined cell body were included in the analysis. The selection of the PVN as the representative autonomic brain region for this study was based on evidence that PVN microglia are involved in sympathetic activation, blood pressure control, and hypertension (9) . Microglia cells are characterized as "resting" microglia when they exhibit a small cell body with thin and highly ramified branches extending in all directions. These ramified microglia can assume an amoeboid form and/or exhibit a larger cell body with well-defined and shorter branches, a process that is described as activation (10, 11) . Representative images of Iba1 staining of microglia cells in WT mice exposed to hypoxia demonstrate a morphology consistent with activation ( Figures 1C and 1H ), in contrast to the "resting" microglia observed in WT-normoxia mice ( Figures 1A and 1G) . We also observed a twofold increase in the number of Iba1-positive cells in the PVN of WT-hypoxia mice as compared with WT controls ( Figure 1E) . A positive correlation between the number of microglia in the PVN and RVSP was observed in these animals ( Figure 1F) . A similar correlation with RVSP was also observed by Iba1 staining density in the PVN (data not shown). These data suggest that an increase in the PVN microglial cells was associated with an increase in the RVSP. In contrast, no significant changes in either numbers or intensity of staining were observed in CX3CR1 GFP/GFP mice compared with controls ( Figures 1C, 1D , 1H, and 1I). These data support the hypothesis that increases in microglial cells and sympathetic activity are associated with PH. Consistent with this hypothesis, data from CX3CR1 GFP/GFP mice showed unchanged microglial cells and a lack of hypoxia-induced PH. In a separate preliminary experiment, we found an increase in microglial cells in the PVN of a monocrotaline rat model of PH, further supporting this contention (12) . In addition, intraventricular infusion of monocrotaline-treated rats with minocycline attenuates RVSP and RVH, and significantly decreases PVN microglia (12) . Minocycline is an antiinflammatory antibiotic that has commonly been used to inhibit microglial cells in vivo (13) .
The CX3CL1/CX3CR1 axis constitutes a neuronal-microglial signaling system that is critical for neural plasticity, synaptic activity, and neuroimmune surveillance (2) . Microglia in CX3CR1-deficient mice show an immature or reactive-like morphology and fail to modify in response to environmental effectors (14) . This suggests that the absence of this chemokine system sets microglia in a "resting state." It can also be observed in the representative drawings of microglia observed in 1003 images from each group (Figures 1H and 1I ). One could predict that a lack of their activation could alter microglia-neuron cross-talk that influences synaptic activity, leading to blunted sympathetic activity and an attenuated response to hypoxia-induced PH. This could be a selective effect on microglia-neuron cross-talk in the hypothalamus, as hypothalamic/pituitary axis function is normal in these mice (15) .
Collectively, these observations represent the first correlative evidence of the involvement of microglial cells and possibly neuroinflammation in PH pathophysiology. Further investigations of the neuronal-microglial communication and transmission of these signals via autonomic regions to the cardiopulmonary system-for example, in microglia-depleted mice-are needed to delineate the precise role of microglia-and/or macrophage-expressed CX3CR1 in PH. Nonetheless, the observations presented herein highlight the need to consider the development of CX3CR1-targeted therapies for patients with PH. n Comment on "Bronchiolitis Obliterans and Pulmonary Fibrosis after Sulfur Mustard Inhalation in Rats"
I have read McGraw and colleagues's paper with interest (1) and am writing to offer some thoughts about their study. The authors state that 75% of survivors exposed to sulfur mustard (SM) in the Iran-Iraq conflict were noted to develop lung fibrosis based on two previously published articles, but this is contradictory to what these articles actually stated (2, 3). Balali-Mood and Hefazi reported that at 16-20 years after exposure, 7.5% of individuals had idiopathic pulmonary fibrosis based on chest high-resolution computed tomography imaging (2) . Ghanei and Harandi reported that pulmonary fibrosis was not a late complication after SM exposure, as many patients who underwent open-lung biopsy with a former diagnosis of idiopathic pulmonary fibrosis instead had bronchiolitis obliterans (BO) and organizing pneumonia upon pathologic examination (3) . Also, the authors stated that longterm follow-up studies of civilians and soldiers exposed to SM demonstrated decreased DL CO , whereas a study of DL CO in SMexposed individuals indicated that the DL CO values were within normal limits, which suggested that pulmonary interstitial disease was not involved (4).
The main difference in findings between the rat study (1) and the human studies (2-4) is that pulmonary interstitial fibrosis was prominent in the rat model but is not a late complication in humans exposed to SM. These conflicting findings could be related to the method of gas inhalation and the concentrations used in the rat model compared with individuals exposed to SM during the war. In humans, the upper respiratory tract acts to filter mustard gas during inhalation, effectively diluting its concentration before it reaches the bronchioles, and further decreasing the levels that reach the alveoli. The bronchioles are vulnerable because many particles are deposited there, and because the narrow lumen renders them susceptible to complete obstruction, which could protect the alveoli from injury. In the rat model, the main airways were directly exposed to mustard vapor at high concentrations. This could injure the bronchioles as well as the alveoli. Direct alveolar epithelial damage could then trigger interstitial inflammation that leads to subsequent injury and fibrosis. In humans, this type of severe exposure and the resulting pulmonary fibrosis causes early death,
